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Phagosomal pH and Glass Fiber Dissolution in
Cultured Nasal Epithelial Cells and Alveolar
Macrophages: A Preliminary Study
Neil F. Johnson
Inhalation Toxicology Research Institute, Albuquerque, New Mexico
The dissolution rate of glass fibers has been shown to be pH sensitive using in vitro lung fluid simulant models. The current study investigated
whether there is a difference in phagosomal pH (ppH) between rat alveolar macrophages (AM) and rat nasal epithelial cells (RNEC) and whether
such a difference would influence the dissolution of glass fibers. The ppH was measured in cultured AM and RNEC using flow cytometric, fluores-
cence-emission rationing techniques with fluorescein-labeled, amorphous silica particles. Glass fiber dissolution was determined in AM and RNEC
cultured for 3 weeks with fast dissolving glass fibers (GF-A) or slow dissolving ones (GF-B). The mean diameters of GF-A were 2.7 pm and of GF-B,
2.6 pm, the average length of both fibers was approximately 22 to 25 pm. Dissolution was monitored by measuring the length and diameter of intra-
cellular fibers and estimating the volume, assuming a cylindrical morphology. The ppH of AM was 5.2 to 5.8, and the ppH of RNEC was 7.0 to 7.5.
The GF-A dissolved more slowly in RNEC than in AM, and no dissolution was evident in either cell type with GF-B. The volume loss with GF-A after
a 3-week culture with AM was 66% compared to 45% for cultured RNEC. These results are different from those obtained using in vitro lung fluid-
simulant models where dissolution is faster at higher pH. This difference suggests that dissolution rates of glass fibers in AM should not be applied
to the dissolution of fibers in epithelial cells. - Environ Health Prospect 102(Suppl 5):97-102 (1994)
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Introduction
The biological activity of fibrous materials
in the lung depends on many factors,
including how long the material is present
in cells and the interstitium of the lung.
The longer the material remains in the
lungs, the longer it can interact with the
lung tissue and exert a pathogenic effect.
The residence time of fibrous materials in
the lung depends on the mechanical clear-
ance rate and the dissolution rate of the
fiber. The dissolution rate is governed
mainly by fiber chemistry and the
tissue/cell environment in which the fiber
is found. Fibers can be phagocytized by
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many cell types within the lung. In rats, the
majority ofinhaled fibers are found within
alveolar macrophages (AM); however, a
small fraction of inhaled fibers can be
found within the epithelial cells lining the
respiratory tract and the fibroblasts and
macrophages within the interstitium (1).
The interactions of fibers with epithelial
cells can result in lung cancer, while
fiber/AM interactions can give rise to pul-
monary fibrosis. In addition, the latter
reactions may also enhance the carcino-
genic potential of fibers. The interior of
the phagosome in AM is acidic with a pH
4 to 6 (2). Laman et al. (3) measured the
intracellular and extracellular fluid pH of
rabbit AM and found pH values of 7.17
for the intracellular fluid and 7.40 for the
extracellular fluid. Little is known about
the phagosomal pH in other respiratory
tract cells. Jaurand et al. (4) found the
mesothelial phagosome; pH to be approxi-
mately 7 by using the pH-dependent leach-
ing of magnesium from chrysotile in
cultured mesothelial cells.
As a result ofthe importance ofdissolu-
tion and the difficulty of measuring it in
vivo, many studies have been conducted
with lung fluid simulant models (5).
Potter and Mattson (6) used a physiologi-
cal saline solution to show that dissolution
rates for glass fibers increased with higher
pH. Morgan et al. (7) administered to rats
by intratracheal instillation, sized glass
fibers that had similar diameters, and mea-
sured the dimensions of fibers extracted
from lungs at times up to 18 months. They
showed that fibers <10 pm in length dis-
solved relatively slowly, while fibers
>10 pm dissolved much more rapidly. The
dissolution of the smaller fibers was uni-
form, while the dissolution of the longer
fibers was less uniform. These differences
were attributed to small variations in intra-
cellular and extracellular pH. The short
fibers were completely engulfed by AM,
while the longer fibers were not. The dif-
ference between extracellular and intracel-
lular pH may not be sufficient to account
for this differential dissolution. Other fac-
tors such as glass chemistry and pH-inde-
pendent processes may be involved in fiber
dissolution.
This preliminary study had three goals:
to determine whether there is a difference
in the phagosomal pH in AM and rat nasal
epithelial cells (RNEC) cells obtained from
the respiratory tract; to ascertain whether
there is a difference in dissolution rate of
fibers within AM compared to RNEC; and
to compare in vitro cellular dissolution
rates with those obtained by other investi-
gators (6,8).
How fibers persist in AM and epithe-
lial cells is important in understanding
lung clearance mechanisms and possible
lung cancer induction.
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Materials and Methods
FiberSamples
The glass fiber samples designated as GF-A
and GF-B were provided by Owens-
Corning Fiberglas (Granville, OH). The
glass fiber samples had been used in vitro
acellular studies (6) and in vivo (8). The
fibers in those studies were designated as
X7753 and X7779, which correspond to
GF-A and GF-B in this study. The major
chemical difference between the fibers is
their A1203 content (GF-A, 0.5%; GF-B,
8.06%) (6), A1203 decreases the dissolu-
tion rate (6). The JM Code 100 glass
microfiber was obtained from Johns
Manville Corp. (Denver, CO).
Cell Culue
Normal AM were obtained by lavage from
healthy female Fischer 344/N (8 to 12 week
old) rats that were bred at the Institute. The
animals were killed with an overdose of
sodium pentobarbital. The pulmonary vas-
culature was flushed with sterile phosphate
buffered saline (PBS), and the lungs were
lavaged with 5 x 10 ml ofcold PBS (with-
out magnesium and calcium ions). The
lungs showed no gross evidence of disease.
The lavaged cells were centrifuged, resus-
pended in RPMI medium (Sigma, St.
Louis, MO) which contained 10%
MacStim (Collaborative Research, Inc.,
Bedford, MA), and counted using a hema-
cytometer. Their viability was established
using a trypan blue dye exclusion method.
A cytological preparation was made using a
cytocentrifuge and staining with Diff-Quik
(American Scientific Products, McGraw
Park, IL). The AM suspension was adjusted
to a concentration of 0.5 x 106 cells/ml.
Two ml of this cell suspension were added
to glass chamber slides (Nunc Inc.,
Naperville, IL) and incubated at 37°C in a
humidified atmosphere of5% carbon diox-
ide and 95% air for 20 hr. The medium
was removed, and the cultures were washed
with three changes of PBS and replaced
with medium containing 35.5 pm/ml of
either GF-A or GF-B; control cultures were
given medium alone. The cells were cul-
tured for 20 hr in the presence offibers and
then washed three times with PBS. Fiber-
free medium was added, and the cells were
cultured for periods of either 1, 2, or
3 weeks. During that time the medium was
changed every 2 to 3 days. At the termina-
tion of the culture periods, the cells were
fixed and stained with Diff-Quik.
RNEC (cuboidal/transitional epithelial
cells) were obtained from the anterior lat-
eral wall of the nasal cavity of a second
Figure 1. Light micrographs of preparations ofthe original samples of GF-A(a) and GF-B (b). The fibersvary in length but
have a relatively uniform diameterof2.6to 2.7 pm.
Table 1. Fiberdimension changes in alveolar macrophagecultures.
AM culture period
Original sample 20-hr 3-week
Mean SE Mean SE Mean SE'
GF-A8
Diameter, pm 2.7 ± 0.01 2.6 ± 0.01 1.5 ± 0.1a
Length, pm 24.6 ± 0.2 24.2 ± 1.6 18.5 ± 0.8a
Volume, pm3 130.8 ± 0.5 128.4 ± 4.9 37.5 ± 2.98
GF-Ba
Diameter, pm 2.6 ± 0.01 2.6 ± 0.01 2.5 ± 0.1a
Length, pm 22.6 ± 0.7 20.1 ± 0.7 18.4 ± 0.7a
Volume, pm3 118.9 ± 4.5 106.7 ± 3.9 90.2 ± 2.8a
ap>0.05.
group of female Fischer 344/N (8- to 12-
weeks old) rats killed with an overdose of
sodium pentobarbital. The RNEC were
chosen because they were available from
untreated animals from another experiment
at the Institute. In addition, RNEC have
similar sensitivities to fibers as the more
commonly used rat tracheal cells and pos-
sessed similar phagosomal pH (NF
Johnson, unpublished data). The lining of
the lateral wall was stripped from the
underlying tissue and placed in a pronase
(type XIV) solution (3.3 mg/ml) in alpha
MEM medium (Sigma) for 15 min at
37°C in a shaking water bath. After incu-
bation, an equal volume ofRPMI medium
containing 10% fetal calfserum was added
to arrest the action ofthe pronase solution.
The resultant suspension was filtered
through a 70-pm nylon mesh filter. The
filtered material was centrifuged and resus-
pended in serum-free medium (9) contain-
ing 0.8% bovine serum albumin. The cells
were counted using a hemacytometer, and
Table Z Fiber dimension changes in rat-nasal epithelial
cell cultures.
RNECculture period
20-hr 3-week
Mean SE Mean SE
GF-Aa, pm
Diameter, pm 2.6 ± 0.01 2.0 ± 0.18
Length, pm 23.5 ± 0.5 20.8 ± 0.8
Volume, pm3 123.5 ± 5.6 70.7 + 5.9a
GF-B*
Diameter, pm 2.6 ± 0.01 2.5 ± 0.1
Length, pm 21.8 ± 0.4 19.3 ± 0.7
Volume, pm3 116.7 ± 5.1 95.2 + 4.4
ap>0.05.
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their viability was assessed by a trypan blue
dye exclusion method. The cell suspension
was adjusted to a concentration of
0.5 x 106 cells/ml; 0.5 x 105 cells in 2 ml of
medium were placed in glass chamber
slides and incubated for 20 hr under
the same conditions used for the AM.
The medium was removed and thereafter
the RNEC cells were treated by exactly
the same procedures that had been used
for the AM.
The AM and RNEC cell cultures were
viewed using a light microscope, and ran-
dom fields were photographed at a magni-
fication of approximately x200. A
calibration slide was also photographed on
each occasion that a series of photographs
were taken. The negatives were enlarged to
give a final magnification of x600. The
number of fibers per cell was noted, and
the length and diameter ofeach fiber were
measured with a x6 magnifying eyepiece
and a reticle displaying 100-pm divisions.
Only fibers associated with cells were
counted and measured. The volume of the
individual fibers was estimated assuming a
cylindrical morphology. The significance
of the results was determined using a
paired Student's t-test; the criterion for sig-
nificance wasp > 0.05.
FlowCytometry
The pH ofthe phagosome was determined
using a flow cytometric procedure employ-
ing fluorescein-isothiocyanate (FITC)-
labeled amorphous silica particles (10); the
fluorescence offluorescein is pH sensitive.
The AM and RNEC were cultured as
described. The cells were further cultured
in the presence of the FITC-coated parti-
cles for 20 hr after a 20-hr plating period
and after 20 days of culture. The pH was
analyzed using a dual-laser flow cytometer
(Becton Dickinson, San Jose, CA); the
FITC was excited at wavelengths of 457
and 488 nm. The emissions from both
lasers were measured using a 515 narrow-
band pass filter. The fluorescence intensi-
ties were measured on a log scale. The
stored fluorescence data from the cell stud-
ies were edited using forward and side-scat-
ter signals to eliminate non-cell associated
events. The pH was estimated by taking
the difference between the mean fluores-
cence channel number ofthe 457/515 and
488/515 edited histograms. This value was
used to obtain the pH of the phagosome
from its intersection with the regression
line obtained from the pH calibration
curve. This curve was derived from deter-
mining the fluorescence ratios of coated
particles measured in buffers of predeter-
mined pH.
AncillaryExperiments
Cell Survival. A single cytotoxicity assay
was undertaken using triplicate cultures.
The lung epithelial cell (LEC) line (11)
was used because the cells are sensitive to
the cytotoxic effects of fibers (12). LEC
were plated in Ham's F-12 medium sup-
plemented with 10% heat-inactivated new-
born calf serum, at a density of 5 x 105
cells per 25-cm diameter culture flask, and
cultured as described above. After 24 hr,
the medium was replaced with RPMI con-
taining various concentrations of GF-A,
GF-B, orJM Code 100 glass microfiber (0,
5, 10, 15, 25, and 50 pm/ml). The cultures
were incubated for 20 hr, after which the
cells were washed in buffered saline. The
JM Code 100 fiber acted as a positive con-
trol, as it has been shown to be active in
Figure 2. Light micrographs of fiber-treated macrophage cultures after a 3-week culture. The GF-A fibers (a) varied in
theirdiameter, while the diameters ofthe GF-B fibers (b) remained uniform. The GF-Afibers stained darklywith the Diff-
Quickstain,whilethe GF-Bfibers did notstain.
.. ... ..........4l
Figure 3. Light micrographs of fiber-treated epithelial cell cultures after a 3-week culture. The GF-A fibers (a) varied in
theirdiameters, whilethe diameters ofthe GF-Bfibers(b) remained uniform.
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this cell assay (12). The cultured
replated at a density of 1.25 x 1(
well of a six-well plate. After 8
number of colonies that forme
well was determined. Relative col
ing efficiency was calculated as ti
the number of colonies formed
versus control cultures.
Phagocytic Activity. A singl
duplicate cultures was undertake
tigate the phagocytic capability (
tured cells. Cultures of AM ar
cells were established as describ
Cells were cultured for 20 hr o
after which 20 x 106 fluorescent
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cultured for a further 20 hr. The
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Figure 5.The relative colony-forming efficier
unaffected bythe presence of GF-A and GF-
theJM Code 100glass microfibers produced
dent decrease in the relative colony-form
Values representmeanandstandard errorof
cells were Results
04 cells per The original samples of GF-A and GF-B
,days, the had similar physical dimensions and vol-
d in each ume (Figure 1, Table 1). The physical
Lony-form- dimensions ofGF-A and GF-B after 20 hr
he ratio of of culture with AM and RNEC were not
in treated significantly different from the dimensions
of the original samples (Tables 1,2). The
e study of dimensions of GF-A changed with the
n to inves- length of time that the fiber-treated cells
of the cul- were cultured; the changes were more
ad RNEC marked in the AM cultures (Figures 2,3;
)ed above. Tables 1,2) than in the RNEC cultures.
ir 20 days, There was a time-dependent decrease in
:ly labeled, the mean volume of the fibers retained
added and within the cells (Figure 4) resulting, for
cells were AM, in an approximately 66% decrease in
lumber of the mean fiber volume following the 3-
es and the week culture period; for RNEC the
cell were decrease was approximately 45%. This
decrease in fiber volume was the result of
changes in both length and diameter ofthe
fibers. In contrast, the dimensions ofGF-B
were not significantly affected by the
period of culture in either the AM or
RNEC cultures (Figures 2,3; Tables 1,2).
The measurement of phagosomal pH
showed that the value for the AM was
acidic and the value from the RNEC was
neutral. The pH value for the AM was 5.2
EPlEUAL CELL to 5.8 with a mean value of5.4 ± 0.3 (stan-
dard deviation; n = 5) following a 20-hr
culture after the plating period. After the
20-day culture period, two pH determina-
tions were 5.2 and 5.4. Comparable experi-
ments with RNEC yielded pH values of
7.0 to 7.5 with a mean value of 7.2 ± 0.3
(standard deviation; n = 3), following a 20-
hr culture after the plating period. After
3 the 20-day culture period two pH determi-
ed wi time in nations were 7.0 and 7.5.
s. ithevolme
In The culture of the fiber-sensitive LEC
bRNECcultures. in the presence ofGF-A and GF-B did not
emean. produce a cytotoxic effect in the colony-
forming assay at any dose level used (Figure
5). The positive control, JM Code 100
fiber, produced a dose-dependent decrease
in cell survival (Figure 5). These results
show that toxicity was not a factor in the
differential solubility observed.
Fa"00 The numbers of AM and RNEC that
were associated with microspheres after
20 hr and 20 days were similar. The 20-hr
AM culture contained 98% of the cells
associated with particles, while the compa-
rable figure for the 20-day culture was
86%. In the former case, 7% of the cells
were associated with 1 to 5 particles, and in
ncyof LECwas the latter case 40% ofthe cells were associ-
Iadose-depen- ated with 1 to 5 particles. The 20-hr
ing efficiency. RNEC culture contained 70% of the cells
themean. that were associated with particles, while
the comparable figure for the 20-day cul-
ture was 61%. In both cases, 45% of the
cells were associated with 1 to 5 particles.
These results show that both cell types
could phagocytize particles in vitro. In this
study the cell-associated fibers were
assumed to be within phagosomes byvirtue
of the cells phagocytic activity and light
microscopic appearance. In addition, fibers
or particles have been detected in alveolar
macrophages (10), type I epithelial cells
(1,13,14), type II epithelial cells (1,15),
tracheobronchial cells (16,17), and pleural
mesothelial cells (18).
Discussion
This study shows that fibers dissolve at dif-
ferent rates within cultured AM and
RNEC. The more rapid dissolution
occurred with the AM cultures, where the
measured pH ofthe phagosome was 5.2 to
5.8. The measured phagosomal pH in
RNEC cells was 7.0 to 7.5. The RNEC
have been used as surrogates for pulmonary
epithelial cells because of their availability;
sensitivity to fibers; and their phagosomal
pH, which is similar to rat alveolar type II
cells and tracheal cell (NF Johnson, unpub-
lished data). The fibers in this study have
been used in a detailed in vitro acellular
study (6) and an in vivo study (8), thus
allowing the three approaches to be com-
pared.
In the in vitroacellular system (6), GF-
A fibers (designated as X7753) dissolved at
a rate of 600 ng/cm2/hr. In that system,
dissolution of this fiber type was more
rapid in neutral or alkaline pH than in an
acid pH, which suggests that dissolution
ought to be faster within the phagolyso-
some ofRNEC, at their pH 7.2 to 7.5.
However, the reverse was the case with
our culture studies. To compare the disso-
lution rate offibers in solution and in cul-
tured cells, the data were plotted as 1
minus the square root of the volume frac-
tion remaining. If the dissolution rate was
proportional to fiber surface area and all
the fibers had similar diameters, the rate
would be linear (W. Eastes, personal com-
munication). These conditions exist in the
in vitro acellular system, and accordingly
the dissolution rate can be described as a
linear function over almost its entire range
(Figure 6). In comparison, the fiber disso-
lution rate in the cell culture system is not
linear (Figure 6) and is much slower in
both AM and RNEC.
This disparity between the in vitro acel-
lular and cellular dissolution rates, and the
rate laws they obey, may result from expos-
ing the fibers to different intracellular and
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Figure 6. GF-A dissolved more slowly in the macrophage
and epithelial cell cultures as compared to the in vitro
acellular dissolution studies (6). The dissolution rate of
fibers in the AM and RNEC cells follow a nonlinear func-
tion compared to the linear function estimated for the in
vitro acellular system. VIVo represents the volume frac-
tion remaining, where Vis the original volume and Vo is
the measured volume aftervarious periods ofculture.
extracellular environments. Fibers that are
completely engulfed within the cell will
experience the microenvironment of the
phagosome and the cytoplasm, while the
longer fibers that are partially engulfed will
experience both the intra- and extracellular
environments. The pH of the AM phago-
some is acidic, while that of the epithelial
cell is approximately neutral. The cytoplas-
mic pH has been determined to be approx-
imately neutral (19), while the pH of the
alveolar fluid has been estimated to be 7.4
(20). These microenvironments will not
be static; there will be intracellular move-
ment of organelles and fibers within the
cell (21), which, especially if it is a
macrophage, will also be mobile. Fibers
and particles may also bind proteins (22)
and that may inhibit the pH-dependent
dissolution of fibers. These factors of pro-
tein binding and changing patterns of cel-
lular and extracellular environments may
account for the difference between the in
vitro acellular and cellular systems. The
majority of in vitro acellular systems use
physiological salt solutions at a neutral pH,
designed to simulate body fluids (5); how-
ever, they generally lack proteins that may
inhibit fiber dissolution.
In addition to the in vitro acellular sys-
tem, the two fibers used in this study have
been investigated in vivo. Morgan et al. (8)
instilled the fibers intratracheally into the
lungs of rats and killed the rats at various
times after instillation to recover the fibers.
Changes in the less durable fiber (GF-A)
were apparent at 14 days after exposure; at
1 year, only about 10% of these fibers
remained in the lung. The changes were
more apparent with the long fibers than
with the short fibers. This difference was
attributed to the fact that the longer fibers
would be partially exposed to both cellular
and extracellular environments. The faster
dissolution was expected in the extracellu-
lar fluid because ofits higher pH compared
to the macrophage phagolysosome. The
calculated dissolution rate for this in vivo
experiment was 470 ng/cm2/hr (W. Eastes,
personal communication).
The difference between the dissolution
rates in AM and RNEC may have impor-
tant implications for the clearance offibers
from the lung and for fiber-induced neo-
plasia, with the caveat that RNEC may not
be the ideal surrogate for pulmonary
epithelial cells. The way the AM handles
fibers is a major factor in the long-term
clearance offibers from the lung and hence
the lung burden of fibers. The lung bur-
den frequently is related to lung pathol-
ogy, including pulmonary fibrosis and
lung cancer. These in vitro cellular results
suggest that an epithelial component of
glass fiber clearance will have a longer half-
life because of the slower dissolution of
engulfed fibers. The possible longer resi-
dence time in epithelial cells allow the
fiber to exert its pathogenic effect over a
longer period than would be predicted
from the AM dissolution data. In addition,
as the fibers dissolve, the thicker fibers may
go through a size range that is most critical
for the induction of neoplasia. It is not
clear, however, whether the partially dis-
solved fibers maintain their structural
integrity to exert significant biological
activity. In addition, it may be the nature
ofthe dissolution process that is important
rather than the physical dimensions ofthe
fibers. Stanton et al. (23) reported that
fibers with diameters <0.25 pim and
lengths >8 pm are the most carcinogenic
following intrapleural implantation. A
small proportion of GF-A fibers that had
undergone dissolution fell within this size
range. However, inhalation studies with
glass fibers have given uniformly negative
results both for an excess risk oflung can-
cer, and ofpulmonary fibrosis (24), possi-
bly because rapidly dissolving fibers do not
remain long in the critical size range. This
lack of correlation between phagosomal
pH and dissolution in AM and RNEC
suggests that phagosomal pH may not be
the determining factor and that some pH-
independent chemical process plays a role
in fiber dissolution. It may also be that
fiber dissolution occurs as a result of a
combination of pH-dependent and pH-
independent mechanisms. The exact role
of dissolution or fiber durability in the
induction of lung cancer or pulmonary
fibrosis has yet to be determined.
The in vitro cellular system described
here may be a useful model system to
study further fiber and cell interactions
related to fiber dissolution, especially when
combined with the putative target cells for
lung cancer. The cultures of AM and
RNEC retain their ability to engulf parti-
cles and maintain their phagosomal pH
over a 3-week period. The cellular dissolu-
tion of glass fibers is a complex process
that does not follow the simple physico-
chemical process that occurs in a typical in
vitroacellular system.
REFERENCES
1. Johnson NF, Griffiths DM, Hill RJ. Size distribution following
long-term inhalation of MMMF. In: Biological Effects of Man-
made Mineral Fibers, Vol 2. Copenhagen:World Health
Organization, 1984;102-125.
2. Nyberg K, Johansson A, Camner P. Intraphagosomal pH in alveo-
lar macrophages studied with fluorescein-labeled amorphous silica
particles. Exp Lung Res 15:49-62 (1989).
3. Laman D, Theodore J, Robin ED. Regulation ofintracytoplasmic
pH and "apparent" intracellular pH in alveolar macrophages. Exp
Lung Res 2:141-153 (1981).
4. Jaurand MC, Gaudichet A, Halpern S, Bignon J. In vitro biodegra-
dation ofchrysotile fibers by alveolar macrophages and mesothelial
cells in culture: comparison with pH effect. Br J Ind Med
41:389-395 (1984).
5. Scholze H. Durability investigations on siliceous man-made min-
eral fibers-a critical review. Glastech Ber 61:161-171 (1988).
6. Potter RM, Mattson SM. Glass fiber dissolution in a physiological
saline solution. Glastech Ber 64:16-28 (1991).
7. Morgan A, Holmes A, Davison W. Clearance of sized glass fibers
from the rat lung and their solubility in vivo. Ann Occup Hyg
25:317-331 (1982).
8. Morgan A, Davis JA, Mattson SM, Morris KJ. Effect ofchemical
composition on the solubility of glass fibers in vitro and in vivo.
Presented at the British Occupational Hygiene Society Seventh
International Conference on Inhaled Particles, 16-20 September
1991, Edinburgh.
9. Thomassen DG, Saffiotti U, Kaighn ME. Clonal proliferation of
rat tracheal epithelial cells in serum free medium and their response
Volume 102, Supplement 5, October 1994 101N. F. JOHNSON
to hormones, growth factors and carcinogens. Carcinogenesis
7:2033-2039 (1986).
10. Nyberg K, Johansson U, Johansson A, Camner P. Phagolysosomal
pH and location of particles in alveolar macrophages. Fund Appl
Toxicol 16:393-400 (1991).
11. Li AP, Hahn FF, Zamora PO, Shimuzi RW, Henderson RF,
Brooks AI, Richards R. Characterization of a lung epithelial cell
strain with potential applications in toxicological studies.
Toxicology 27:257-272 (1983).
12. Johnson NF, Hoover MD, Thomassen DG, Cheng YS, Dalley A,
Brooks AL. In vitro activity ofsilicon carbide whiskers in compari-
son to other industrial fibers using four cell culture systems. Am J
Ind Med 21:807-823 (1992).
13. Brody AR, Roe MW, Evans J, Davis GS. Deposition and transloca-
tion ofinhaled silica in rats. Quantification ofparticle distribution,
macrophage participation, and function. Lab Invest 47:533-542
(1982).
14. Brody AR, Hill LH, Adkins B, O'Connor RW. Chrysotile asbestos
inhalation in rats: deposition pattern and reaction of alveolar
epithelium and pulmonary macrophages. Am Rev Respir Dis
123:670-679 (1981).
15. Corrin B. Phagocytic potential of pulmonary alveolar epithelium
with particular reference to surfactant metabolism. Thorax
25:110-115 (1979).
16. Mossmann BT, Kessler JB, Key BW, Craighead JE. Interaction of
crocidolite asbestos with hamster respiratory mucosa in organ cul-
ture. Lab Invest 36:131-139 (1977).
17. Haugen A, Schafer PW, Lechner JF, Stoner GD, Trump BF,
Harris CC. Cellular ingestion, toxic effects, and lesions observed in
human bronchial epithelial tissue and cells cultured with asbestos
and glass fibers. IntJ Cancer 30:265-272 (1982).
18. Jaurand MC, Kaplan H, Thiollet J, Pinchon MC, Bernaudin JF,
Bignon J. Phagocytosis of chrysotile fibers by pleural mesothelial
cefls in culture. AmJ Pathol 94:529-538 (1979).
19. van Erp PEJ, Jansen MJJM, de Jongh GJ, Boezeman JBM,
Schalkwijk J. Ratiometric measurement of intracellular pH in cul-
tured human keratinocytes using carboxy-SNARF-1 and flow
cytometry. Cytometry 12:127-132 (1991).
20. Kanapilly GM. Alveolar microenvironment and its relationship to
the retention and transport into blood aerosols deposited in the
alveolus. Health Phys 32:89-100 (1977).
21. Cole RW, Ault JG, Hayden JH, Rieder CL. Crocidolite asbestos
fibers undergo size-dependent microtubule-mediated transport after
endocytosis in vertebrate lung epithelial cells. Cancer Res
52:4942-4947 (1991).
22. Scheule RK, Holian A. Modification ofasbestos bioactivity for the
alveolar macrophage by selective protein adsorption. Am J Respir
Cell Mol Biol 2:441-448 (1990).
23. Stanton MF, Layard M, Tegeris A, Miller E, May M, Kent E.
Carcinogenicity offibrous glass: Pleural response in the rat in rela-
tion to fiber dimension. J Natl Cancer Inst 58:587-603 (1977).
24. Johnson NF. The limitations of inhalation, intracheal and intra-
coelomic routes ofadministration for identifying hazardous fibrous
materials. In: Fiber Toxicology (Warheit D, ed). New York:
Academic Press, 1993;43-72.
102 Environmental Health Perspectives